Abstract Sediment layers of uniform age within lakes (isochrones) and their patterns reflect accumulation processes which can be correlated with hydrologic conditions in lake basins. The sedimentary archives in three small dystrophic lakes in northeastern Poland are described based on the correlation of local pollen assemblage zones in cores that were collected from the centers and margins of each lake. Past regional groundwater levels could be discerned from the shape of the isochrones, whether plane parallel or concave in configuration in relation to the lake basin shape. The concave configuration of the isochrones in the studied lakes shows that regional groundwater levels remained mostly high and stable throughout their history. The water levels in each lake during the Late Glacial and throughout the Holocene were different and no single, common water-level fluctuation pattern was identified in the three water bodies. The lack of such a finding suggests that the lakes are influenced dominantly by local hydrological factors.
Introduction
The type and pattern of sediment accumulation in lakes are determined by many external and internal environmental factors (Bloesch 2004) . One of the most important factors is the water level, especially in the formation of littoral peat mires. Among other things, water fluctuations, as related to the regional groundwater level, affect the spatial extent of lacustrine accumulation; this extent decreases when the water table drops, and increases when the water table rises (Björk 2010) . With regional groundwater levels connected to lake levels, the sediment layers accumulate over both the profundal and littoral zones (Gaudig et al. 2006 ). This accumulation results in a concave pattern of isochrones, i.e. sediment layers of the same general age, that follow the shape of the basin (Fig. 1a) . Conversely, if regional groundwater level is lower than the lake depressions and not directly connected to lake water level, lakes and ponds are formed only in these depressions where the bottom is sealed by clay and loam, thus precipitation and inflow from the catchment can collect. Some of these water bodies contain bottom sediments sealed off by humus colloids (self-sealing mechanism), which can include kettle holes (Timmermann 2000; Joosten and Succow 2001; Timmermann and Succow 2001) . During the initial phase of the development of kettle hole mires, the self-sealing process occurs only in the deepest part of the basin. The self-sealing progresses systematically as vegetation growth dominates the sediment accumulation. With time the lake can enlarge even if regional groundwater levels are below the lake depression because the high organic content of the mire lake sediment seals in any water input from precipitation and the watershed. The isochrone pattern in such lakes is theorized to be parallel to the lake surface (Fig. 1b) .
Lacustrine and peat layers deposited during a definitive time zone, i.e. isochrones (Gaudig et al. 2006) , are useful for reconstructing paleoenvironmental accumulation conditions (Digerfeldt 1986; Digerfeldt et al. 2007 ). The thicknesses and patterns of the isochrones provide important information about the paleohydrological conditions of any mire or lake. The absence of sediment during a certain age may indicate low water levels and no sedimentation. These patterns may give clues to past climate and associated hydrological changes (i.e. regional groundwater levels) during the life of a lake.
Data derived from the sedimentary archives in three dystrophic lakes [Lake Ś lepe (L. Ś lepe), Lake Suchar II (L. Suchar II), and Lake Suchar Wielki (L. Suchar Wielki)] in northeastern Poland located within the Wigry National Park (Fig. 2) are studied here to reconstruct past climate and hydrological changes in northeastern Poland. These small (average surface areas of 0.5-3 ha) lakes without surface flow (i.e. rivers and streams) resemble kettle hole mires located in Bory Tucholskie (Kowalewski and Milecka 2003; Lamentowicz et al. 2007 ) and nearby in the Suwałki Lakeland ( _ Zurek et al. 2006 ). All of these lakes have floating mats and are surrounded by coniferous forest.
However, opinions differ regarding whether the dystrophic lakes in Wigry National Park are indeed kettle hole lakes. There are many classifications of kettle holes based on very different criteria, such as the hydroperiod (Stewart and Kantrud 1971) or local hydrogeomorphic conditions (Kalettka and Rudat 2006) . Deep lakes or mires and shallow basins can originate as kettle holes (Filion and Bégin 1998) . Based on the geomorphological and local climatic conditions of the three lakes in Wigry National Park, it is plausible that they actually are kettle hole lakes. Similar to the known kettle hole lakes in northern Germany (Mecklenburg, Brandenburg) and northern Poland, such as Bory Tucholskie (Kowalewski and Milecka 2003; Lamentowicz et al. 2007 ), the Wigry park lakes are located in a young glaciated area with moraines and surrounded by forests. The presence of forested moraines affects the local climatic conditions by limiting the insolation and exchange of air masses over the lake surface (Schindler 1996) and can affect groundwater flow. However, a geomorphologic understanding of the kettle hole concept should be supported by more genetic information (Timmermann and Succow 2001) . No subsurface data are yet available for these lake depressions; however, circumstantial evidence allows an assumption for kettle hole origin at the present time.
core core core core core core a b Fig. 1 Hypothetical patterns of sediment isochrones resulting from a accumulation on entire surface of lake bottom with high regional groundwater levels, and b self-sealing lake or mire formation with lower regional groundwater levels, modified from Gaudig et al. (2006) The objective of this research is to document the isochrone morphology, and thus water level changes, within the three Wigry park lakes through coring to delineate the past hydrology, and thus paleoclimate. Comparisons to the water levels in other mires and lakes in northern Poland in the Late Glacial and Holocene, as compiled by Ralska-Jasiewiczowa and Starkel (1988) will aid in the determination whether water level changes are truly based on climate or local factors associated with catchment characteristics. In peat-forming environments, the isochrone method may work as a sensitive indicator for studying catchments and processes that shape the characteristics of a lake.
Study area
The three dystrophic lakes located in northeastern Poland (Fig. 2) in Wigry National Park (WNP) exist within two physical-geographical mesoregions: the East Suwałki Lakeland and the Augustów Upland; both regions are part of the Lithuanian Lakeland (Kondracki 1994) . The geomorphology of this area was shaped during the Pomeranian phase of the main stadial of the Weichselian (Vistulian) glaciation (Marks 2002) . A number of kames, eskers, and high frontal moraines are present in the northern and middle parts of WNP, whereas the southern part of the park contains an extensive sandur with strongly developed primary glacial topography (Ber 2009 ). The climate of this area is temperate transitional between maritime and continental, with a tendency toward continentality.
The young glacial dystrophic lakes of WNP are located in the vicinity of Lake Wigry, one of the largest and deepest lakes in Poland (area 21.63 km 2 , max depth 74.2 m). L. Ś lepe (0.6 ha, 5.5 m max depth, 54°00 0 35 00 N, 23°06 0 46 00 E) is located near the southern shore of Lake Wigry. L. Suchar II (2.6 ha, 9.5 m max depth, 54°05 0 14 00 N, 23°01 0 03 00 E) is located northwest of Lake Wigry, and L. Suchar Wielki (8.9 ha, 9.6 m max depth, 54°01 0 41 00 N, 23°03 0 21 00 E) is located west of Lake Wigry (Fig. 2) . Each of the studied lakes is characterized by the zoning of vegetation. Along the sublittoral to littoral, a floating mat differentiated into two zones is present. Closer to open water, a quaking floating mat composed of Rhynchospora alba (L.) Vahl, Scheuchzeria plaustris L., Carex limosa L., Carex rostrata Stokes, and Carex lasiocarpa Ehrh. is present. Among the mosses, Sphagnum angustifolium (Russ.) C. Jens., and Sphagnum fallax H. Klinggr. dominate. Closer to shore, a non-quaking floating mat composed of Eriophorum vaginatum L., Sphagnum magellanicum Brid., Andromeda polifolia L., Vaccinium oxycoccos L., and Drosera rotundifolia L. is present. The last vegetation zone of each lake consists of marshy coniferous forest growing on a peat substratum on the margin of the lake. The forest trees include Pinus sylvestris L., Picea abies (L.) Karsten, and Betula pubescens Ehrh. In the ground cover, in addition to Ledum palustre L., other species typically found in coniferous forests and mires are identified (Vaccinium myrtillus L., V. uliginosum L., Pleurozium schreberi (Willd.) Mitten., Dicranum polysetum Sw. and mires (S. magellanicum Brid., E. vaginatum L., V. oxycoccos L.).
Materials and methods

Fieldwork
Two sediment cores were collected from each of the lakes selected for study; the first from the profundal sediments and the second from the sublittoral zone covered by floating vegetation mats. A modified version of the method described by Gaudig et al. (2006) was used; this modified method consisted of collecting one complete sublittoral core instead of samples of lacustrine sediments in a transect leading from the center of the lake towards the shore. This modification does not influence the final result to delineate the isochrone pattern, either concave-downward or planar (Fig. 1) . The cores from the marginal littoral zones were collected using a Russian corer (50 cm long and 8 cm in diameter). The lengths of the cores were L. Ś lepe-4.23 m L. Suchar II-7.0 m, and L. Suchar Wielki-3.0 m. Cores from the profundal zones were collected using a Więckowski probe (120 cm long and 5 cm in diameter) while standing on the winter ice surface. The lengths of these cores were L. Ś lepe-5.4 m L. Suchar II-6.1 m, and L. Suchar Wielki-9.06 m. The locations of all of the coring sites are presented in Fig. 2 .
Laboratory analyses
Lithology
Sediment lithology of each core was documented in the laboratory. The primary vegetation remains in the samples were identified taxonomically under a light microscope, which permitted a description of the peat units. The lacustrine sediment samples were tested for carbonates by treating them with 10 % HCl and observing them for effervescence. The samples that effervesced were analyzed via the calcium carbonate volumetric calcimeter method using a Scheibler analyzer produced by WPL, Gliwice, Poland. Lacustrine chalk, calcareous gyttja, detritus-calcareous gyttja, fine-detritus gyttja, dy, and peat were logged in accordance with the methods recommended by Tobolski (2000) . According to the classification scheme of Schnurrenberger et al. (2003) , these limnic sediments belong in the biogenic sediment class in the sapropel series. Other deposits, such as gravel, sand, silt, and clay, were logged visually and under a stereoscopic microscope.
Pollen analysis and pollen zone correlation
For pollen analysis, samples 1 cm 3 in size were taken from all cores at vertical intervals of 5-20 cm. These intervals depended on the rate of sediment accumulation and variations in the resolution of the pollen record in each profile. Next, a standard chemical preparation of 10 % HCl, 10 % KOH, and 40 % HF was used, and acetolysis and mounting in glycerine (Berglund and Ralska-Jasiewiczowa 1986) were performed. The samples were analyzed palynologically using a Nicon Eclipse 400 light microscope with 6009 magnification. The pollen and spores were identified using keys (Beug 2004 ) and the reference collection of modern pollen slides at the Institute of Biology, University of Białystok. On average, 500 grains of tree and shrub pollen were determined, as well as all accompanying pollen grains of herbaceous plants and spores.
The frequencies of the dominant or otherwise important taxa were summarized as simplified pollen percentage diagrams, prepared using POLPAL software (Walanus and Nalepka 1999; Nalepka and Walanus 2003) . The percentage value of each pollen taxon was calculated in relation to the total of tree, shrub (AP), and herbaceous plant pollen (NAP), excluding pollen of limnophytes and telmatophytes and the spores of Pteridophyta and Sphagnum. The frequency of the excluded taxa was counted in relation to the total sum of pollen.
The pollen percentage diagrams were divided into local pollen assemblage zones (L PAZ). The delineation of the zones was based on the taxonomic composition and percentage values of the primary or characteristic taxa recorded in the pollen spectra, supported by CONISS (constrained incremental sums of squares) numerical analysis (Grimm 1987) . The results of this numerical analysis display a profile's division in the form of a dendrogram whose branches link samples according to appropriate measures of similarity (Walanus 1995) . Next, it was determined how many break points in each dendrogram were appropriate to use as boundaries of pollen zones. In all profiles, the number of break points was delineated subjectively, accepting all those designated by CO-NISS boundaries of higher rank to the third cut of the dendrogram inclusively. In addition, in one position in the marginal profile from Lake Suchar II (Fig. 4) , a boundary designated by CONISS as a boundary of lower rank was included. Due to this inclusion, a pollen zone with only one pollen spectrum (SII-C; Fig. 4 ) was delineated. Even a single sample with a specific pollen spectrum should be identified as a pollen zone, particularly if this sample may be correlated with a pollen zone in another part of the same lake.
To identify a pattern of isochrones, the local pollen assemblage zones from the marginal and central parts of each lake were correlated. A sample similarity matrix (SSM) analysis was performed to identify the most similar pollen spectra in a set of two correlated profiles (Nalepka and Walanus 2003) . The stratigraphical sequence of samples from the first profile was plotted vertically, and the second sequence was plotted horizontally. A graphical representation of the similarity between given samples was plotted as a black square with an area proportional to the degree of similarity. The correlation of pollen zones from the marginal and central cores of each lake was difficult because of the high amounts of local pollen in the cores from the littoral margin (e.g., very high values of Picea abies and Pinus sylvestris t. in the upper part of the marginal profile from L. Suchar II) and numerous interruptions (hiatuses). The SSM indicated the clear possibility of such a correlation only in some parts of the correlated profiles. In the remaining areas, it was necessary to complete the numerical analyses by subjective identification of corresponding pollen zones, which was performed after correcting for differences between the local and regional pollen records.
Absolute age of sediments Selected samples of sediments were dated using AMS (Accelerator Mass Spectrometry) in the Poznań Radiocarbon Laboratory (Poz) or in the Gliwice Radiocarbon Laboratory (GdA). The online software OxCal 4.1 (Bronk Ramsey 2009) was used to calibrate the radiocarbon ages of the samples. The radiocarbon dates are presented in detail in Table 1 .
To improve the age assessment of the profiles, the sample ages were also determined indirectly by correlating the pollen spectra from the central parts of the analyzed lakes with the radiometrically welldated profile from nearby Lake Wigry (Kupryjanowicz 2007). Pollen diagrams from one region and from the same period are similar in terms of basic features, permitting their correlation. When one diagram allowed assignment of absolute age dates, its timescale was then applied to a neighboring profile (Ralska-Jasiewiczowa et al. 2004 ). Correlation of profiles was performed using the program MultCor (Walanus and Nalepka 2006) . This numerical method was based on comparisons of the percentages of selected pollen taxa in a sample; the taxa most important in terms of ecological interpretation were those of the primary trees and shrubs (Pinus sylvestris t., Betula alba t., Corylus avellana, Ulmus, Tilia cordata, Fraxinux excelsior, Picea abies t., Fagus sylvatica) and of certain herbs (Artemisia, Chenopodiaceae, Poaceae, Cerealia t., Secale cereale). Results
Local pollen assemblage zones and their chronostratigraphical correlation
Lake Ślepe
The pollen diagram from the profundal zone of L. Ś lepe was subdivided into nine pollen assemblage zones (LS-1 to LS-9 L PAZ), and the diagram from the littoral area was subdivided into six zones (LS-A to LS-F L PAZ) ( Fig. 3 ; Table 2 ). The SSM indicated a possible correlation between pollen zone LS-1, from the center of the lake, and zones LS-A and LS-B, from the marginal parts of the lake, between zones LS-2 and LS-C, and between zones LS-3 and LS-D (ESM 1). The pollen diagram from the profundal zone of L. Suchar II was subdivided into ten pollen zones (from LSII-1 to LSII-10 L PAZ), and the pollen diagram from the littoral area was subdivided into eleven zones (from LSII-A to LSII-K) ( Fig. 4; Table 3 ). The SSM indicated four unequivocal correlations between pollen zones in the central and marginal parts of the lake: LSII-1, LSII-2 and LSII-C, LSII-3 and LSII-D, LSII-4 and LSII-E, and LSII-7 and LSII-F (ESM 2). The correlations between remaining zones were based on a subjective evaluation of similarities (Table 3) .
Lake Suchar Wielki
The pollen diagram from the profundal zone of L. Suchar Wielki was subdivided into nine pollen assemblage zones (from LSW-1 to LSW-9), and the diagram from the littoral area was subdivided into seven zones (from LSW-A to LSW-G) ( Fig. 5 ; Table 4 ). The SSM indicated three unequivocal correlations between pollen zones in the central and marginal parts of the lake: LSW-1 and LSW-A, LSW-6 and LSW-B, and LSW-7 and LSW-C, LSW-D, LSW-E (ESM 3). The correlations between the two remaining zones were made after a subjective evaluation of similarities (Table 4) .
Isochrones and age
Based on the chronostratigraphical correlation of the profiles from the central and marginal areas of the lakes, delineation of isochrones was possible (Figs. 3, 4, 5) . Three, six, and five isochrones were identified in L. Ślepe, L. Suchar II and L. Suchar Wielki, respectively. The program MultCor was used to identify the pollen spectra in the profile from Lake Wigry most similar to those from the central parts of the studied lakes and to connect these spectra (ESM 4). The age of the regional pollen zones of the Lake Wigry profile was transferred to the local pollen zones of the three studied cores (Fig. 6 ). This age assessment corresponds with the results of radiocarbon dating presented in Table 1 . All isochrones in all three lakes are distinctly concavedownward in morphology (Fig. 7 ). There were certain divergences between the water levels in the nearby Lake Wigry through the same time period as the three smaller lakes of Wigry National Park (Kupryjanowicz et al. 2009) , as compared to the model developed by Ralska-Jasiewiczowa and Starkel (1988) for northern Poland (see Fig. 7, 8 ). Details follow below. Gaudig et al. (2006) , who studied mires in Rügen and Brandenburg (Germany), were the first to attempt to use isochrones to understand the mechanism of peat accumulation. These authors characterized isochrone patterns in three kettle hole-shaped basins, defining isochrones as parallel or concave. In one of the studied mires (Herthamoor), Gaudig et al. (2006) observed concave isochrones, suggesting that the origin of this basin is not the most important control in isochrone development. Other significant factors are compaction of sediments (Stegmann et al. 2001 ) and karst processes. In the landscape of northern Germany that is underlain by glacial sediment of various origins and even karstic limestone, this explanation is very probable. However, such interpretation of isochrone pattern cannot be universally applied since the shape of a lake basin for a kettle hole is not unique and the subsurface sediment patterns change with every area.
Discussion
Also, isochrones patterns seem to be controlled by hydrology, i.e. connection to regional groundwater levels. In our study, the question of whether the studied lakes are kettle holes might only be applicable to the early phases of their development, when the marginal floating mats were not yet present. These phases include all of the isochrones in L. Ś lepe (LS-1/LS-A, L P A Z 10% 50% 50% 10% 10% 10% 10% 10% 10% 10% 10% 10% 10% 10% 10% 10% 0% 50% 100% 10% 50% 50% 20%10% 10% 20%10%10%10%10% 10%10%10%10%10% (Fig. 7 ). All these isochrones are distinctly concave (Fig. 7) . Thus, selfsealing processes seem to be not present in the lakes studied, indicating that these water bodies are not kettle holes disconnected from the regional groundwater table.
The top layers in the marginal cores from each of the three lakes consisted of Sphagnum peat, which was associated with the floating mats observed in each lake. Consequently, the formation of isochrones was dependent on the lateral expansion of the floating mats; this association matches certain features of the German Herthamoor deposit, studied by Gaudig et al. (2006) .
Isochrones versus water levels
The presence of standing water through time (i.e. water levels) as related to regional groundwater levels is a major control of peat as well as coal development (Bohacs and Suter 1997) . The maintenance of water levels for peat development characterized by regional or localized groundwater levels can be inferred from the preservation or destruction of peat layers through time. Isochrone patters are dependent upon whether the water levels of the lake or mire are connected to the regional groundwater aquifer or not.
Lake Ślepe
The oldest isochrone identified in L. Ś lepe represents the Preboreal period (LS-1/LS-A, LS-B; Fig. 7 ), which is confirmed by both the pollen record and radiocarbon dating (11, 796 cal BP) of a peat sample from the marginal core ( Fig. 3; Table 1 ). Correlation between the beginning of sediment accumulation in the central lake basin and in the littoral zone in the early Holocene indicates that water level in the lake was sufficiently high to reach the marginal zone and allow peat accumulation.
High water levels are also noted in the Boreal and Atlantic periods, as confirmed by the delineation of the LS-2/LS-C and LS-3/LS-D isochrones, respectively (Fig. 7) . This differentiates L. Ś lepe from Lake Wigry and some other lakes in northern Poland, where falling water levels are noted from the Boreal period (RalskaJasiewiczowa and Starkel 1988; Kupryjanowicz et al. 2009; as a result of the warm climate, with a high rate of evaporation, which limited the results of high precipitation (RalskaJasiewiczowa and Starkel 1988). These falling water levels were not most likely very marked at L. Ś lepe because, by this time, the lake was already surrounded by dense forest, indicated by the pollen record, which perhaps reduced evaporation rates. Neither Subboreal nor Subatlantic isochrones are present; there are no Subboreal and lower Subatlantic sediments in the marginal zone, and there are no upper Subatlantic sediments in the center of the lake (Fig. 7) . Conditions for the preservation of these isochrones may have been impossible perhaps because of changes in drainage and degradation of these peat layers before Chronostratigraphical correlation of lake cores with radiometrically well-dated profile from Lake Wigry. Chronostratigraphy of Late Glacial according to Litt et. al. (2001) and Holocene according to Mangerud et al. (1974) , with calibration of boundaries by Walanus and Nalepka (2010) [[[[[[ [[[[[[ [[[[[[ << *** (((( ++++ ,,, ,,, [[[[[[ [[[[[[^^^^^^Ŝ burial. The differences in the pollen record between the marginal and profundal cores, which rendered pollen zone correlation impossible, may have stemmed from the fact that the sediments from the profundal zone preserved the regional pollen record, whereas the record from the littoral zone contained pollen of the plants growing nearby the lake, mainly (Latałowa 2003) .
Lake Suchar II
The oldest sedimentary layers formed during the Allerød and Younger Dryas are only identified in the littoral zone of L. Suchar II (LSII-A and LSII-B; Fig. 4 ). There are calcareous sediments (lacustrine chalk and calcareous gyttja) containing the remains of charophytes, above which there is detritus-calcareous gyttja. It is likely that dead ice was present in the basin throughout the Late Glacial period. The central part of the dead ice melted from the beginning of the Allerød until the Preboreal period. The long time for the melting of the dead ice is indicated by the presence of peat-like sediment in the profundal core. Only after the dead ice melted could peat-like material be deposited on the lake bottom (see Błaszkiewicz 2007) . The presence of dead ice on the North European Plain until the Preboreal period is confirmed by data from numerous locations (Böse 1995; Błaszkiewicz 2002) . Lacustrine sedimentation could only occur in the marginal parts of this small water body as a consequence of this ice melting. The presence of charophytes indicates that the depth of this lake basin may have ranged from only tens of cm to more than 10 m (Hannon and Gaillard 1997) . However, charophytes are usually present in water no deeper than 10 m (Pełechaty et al. 2010) .
From the Preboreal period, L. Suchar II occupied the entire lake depression, as indicated by the isochrone representing this period (LSII-1, LSII-2/LSII-C; Fig. 7 ). This isochrone's age was confirmed by radiocarbon dates from the profundal core (11, 505 cal BP; Figs. 4 and 6;  Table 1 ). It is clear that the water levels in the lake at that time were sufficiently high for the accumulation of lacustrine organic sediments (finedetritus gyttja and dy) in the marginal zone.
The high water level in the vicinity of L. Suchar II was maintained during the Boreal and Atlantic periods, as in the L. Ś lepe (see above). The evidence for the high level in L. Suchar II is the presence of lacustrine sediments in the littoral zone, which permitted development of isochrones LSII-3/LSII-D and LSII-4/LSII-E (Fig. 7) .
A decline in precipitation during the Younger Atlantic and Subboreal periods caused a drop in the lake water level and an end to peat accumulation in the marginal areas. The same tendency was noted in other lakes in northern Poland (Ralska-Jasiewiczowa and Starkel 1988; Kupryjanowicz et al. 2009 ) and central Poland (Pazdur et al. 1995) , as well as in central Europe (e.g., the Jura Mountains, the northern French Alps, and the Swiss Plateau (Magny and Ruffaldi 1995; Magny et al. 2001; Magny 2004 ) and northern Europe [e.g., Finland (Ikonen 1993) and Estonia (Punning et al. 2003) ]. In the case of L. Suchar II, which has a very small catchment and catchment: lake ratio (9.7 ha and 3.73, respectively), this drop in water level may have been especially pronounced. Such a pronounced drop may explain the lack of an isochrone dating to the older part of the Subboreal period and can be attributed to regional climatic conditions. Conversely, the hydrological conditions in L. Suchar II changed during the younger part of the Subboreal period. The presence of isochrones LSII-7/LSII-F, and LSII-8/LSII-G indicated that the water level was high both in the central lake area and along its margin.
Such hydrological changes not in synchrony with documented regional climate changes have to be attributed to local factors , such as drainage changes and its affects on the subsurface geology and resultant groundwater flow patterns. The L. Suchar II margin transformed into a bog, where Sphagnum peat with Pinus accumulated, followed by Sphagnum peat (3,365-3,245 cal BP; Fig. 4 ; Table 1 ). An isochrone corresponding to the younger part of the Subatlantic period may be lacking for the same reasons that one is lacking from the top of the core from L. Ślepe.
Lake Suchar Wielki
The oldest isochrone of all those delimited in the present study was derived from L. Suchar Wielki. This isochrone was dated to the Allerød (LSW-1/LSW-A; Fig. 7 )-the main period of lake formation in young glacial areas ( _ Zurek 1995; Starkel et al. 1996; Kaiser 2004; Błaszkiewicz 2007) . The primary time of dead ice melting occurred during the Allerød, when most of the warming during the Late Glacial period occurred. This explains the development of numerous mires, as well as shallow, vegetated water bodies (Alexandrowicz 2009 ) and other dystrophic lakes in the vicinity of Lake Wigry. L. Suchar Wielki was a result of the early melting of dead ice, as indicated by the presence of calcareous and fine-detritus gyttja at the bottom of the studied profundal core. Brown moss communities that formed sedge-brown moss peat were present in the bottom section of the littoral zone core; this type of plant community indicated high groundwater levels (Kloss 2005) .
Lake level dropped at the beginning of the Younger Dryas stadial, interrupting the accumulation of peat on the shores of L. Suchar Wielki. These conditions persisted through the Preboreal, Boreal, and Atlantic periods with the marginal core lacking pollen zones that correspond to these periods (pollen zones from LSW-2 to LSW-5; Fig. 7 ). Similar gaps in sediment accumulation are present in many of the profiles and are known as hiatuses (Rybníček and Rybníčková 1987; Digerfeldt et al. 2007 ). These hiatuses result from the shrinking of sedimentation limits associated with decreasing lake level (Magny 2001) .
Another possible explanation for this lack of preserved isochrones for the Preboreal through Atlantic periods may be intensive sliding and slumping processes (see Dearing 1997) . Evidence for mixing of the sediment in these zones can be found in the age determinations. Radiocarbon dating (7,243-7,165 cal BP; Fig. 5 ; Table 1) indicated that the bottom sample of the Subboreal sediments, which lie directly over the Allerød sediments, was older than was anticipated based on the pollen record. There are hiatuses in this part of the core as well. These findings suggest that younger and older sediments may be mixed and inverted in this layer. High precipitation, as noted in the younger half of the Boreal period in northern Poland (Ralska-Jasiewiczowa and Starkel 1988), may have been a factor that induced this sediment mixing.
The cessation of these processes took place in the Subboreal period as a result of natural shallowing of the lake and perhaps decreasing precipitation (RalskaJasiewiczowa and Starkel 1988) . Two isochrones from the Subboreal period were identified (LSW-6/LSW-B and LSW-7/LSW-C, LSW-D, LSW-E) (Fig. 7) . As in L. Suchar II, the littoral zone of L. Suchar Wielki was transformed into a bog. Sphagnum peat with Pinus and Sphagnum peat accumulated, and precipitation was most likely heavy in the younger part of the Subboreal period, which was conducive to the formation of a thick layer of peat (LSW-E L PAZ).
In the profundal zone of L. Suchar Wielki, two Subatlantic isochrones were identified (LSW-8/LSW-F and LSW-9/LSW-G) (Fig. 7) . The water level was high in the lake, and accumulation was therefore undisturbed throughout the lake basin.
Conclusions
As documented by the concave shape of the isochrones, peat development in the studied Wigry park dystrophic lakes was controlled by the high regional groundwater levels linked to wetter climates with drier climates linked to non-deposition in most cases. High water levels throughout the Holocene was noted only in L. Ślepe while other lakes in the region experienced a fall in water levels during the Boreal period. Lower water tables were identified in the older part of the Subboreal period in L. Suchar II, whereas in L. Suchar Wielki, this decrease persisted over a longer period, from the Younger Dryas to the Subboreal period (Fig. 8 ). There were clearly some different trends in water level fluctuations in the Wigry park lakes in comparison to those in other lakes in the region. Thus, changes in water levels cannot be assumed to have been only climatically driven, otherwise they would have been regionally synchronous (Harrison and Digerfeldt 1993) . It must be assumed that changes in lake levels were also driven by localized non-climatic factors (Magny 2001) , such as the size of catchment, catchment/lake ratio, shape of the lake basins (high slopes), groundwater hydrology, and development of local stream networks. Delineating isochrones is a good approach to analyzing the accumulation of sediments through time, which simplifies reconstruction of the past hydrological conditions of lakes and mires. However, to understand the regional groundwater patterns through time, the past climate and the characterization of the subsurface geology is critical.
